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ABSTRACT: This study compares the performance of several ozone-based advanced oxidation processes (AOPs), in combination
with filtration, in terms of trace organic contaminant (TrOC) removal efficiency and energy and cost requirement. It was shown that
the hydroxyl radical (•OH) scavenging rate of the secondary wastewater effluent decreased as a result of an additional pretreatment
step, leading to an increase of ozone and •OH exposures at the same ozone dose. Adding filtration such as sand filtration or granular
activated carbon filtration (GACF) as a pretreatment increased the removal efficiency of TrOCs by all tested ozone-based AOPs and
reduced the minimum effective ozone dose for TrOC elimination. When the applied ozone dose is more than this minimum effective
ozone dose, the elimination of TrOCs can be observed. For example, because of the use of anion resin filtration, 17α-ethinylestradiol
elimination contributed by the process of ozone-based AOP increased from 34.6 to 42.1% at an ozone dose of 1.0 g O3/g dissolved
organic carbon. Ozone-based AOPs coupled with filtration as a pretreatment were found to be more cost-efficient than the single
AOPs at all ozone dose levels. The energy consumption of ozone-based AOPs was decreased by more than 25% when applying
GACF as a pretreatment. In comparison with other filtration techniques, the pretreatment of secondary effluents by GACF before
ozonation was proven to be the most cost-effective method for TrOC elimination.
1. INTRODUCTION
The presence of trace organic contaminants (TrOCs) in the
aquatic environment is of growing concern worldwide.1 TrOC
exposure is considered as a threat to aquatic organisms and can
affect human health. Observed effects for aquatic species
include teratogenicity, mutagenicity, weakening of sexual
characteristics, and a population reduction.2−4 As conventional
physical and biological wastewater treatment systems are not
effective for the removal of TrOCs, effluents from these
systems have been reported as a major point source of the
TrOCs found in surface water.5−7 As surface water is an
important resource of drinking water,8 the development of
additional treatment capacity to reduce the TrOC discharge in
surface water is important to protect not only aquatic species
but also human health.
Advanced oxidation processes [AOPs, including ozonation,
ultraviolet (UV)/H2O2, O3/H2O2, and so forth] are promising
techniques to abate TrOCs. In some countries, such as
Switzerland and the Netherlands, full-scale wastewater treat-
ment plants (WWTPs) are equipped with these AOPs.9,10 It is
proven that TrOCs are removed efficiently by molecular ozone
or hydroxyl radicals (•OH, produced from a chain reaction
mechanism during ozone exposure). However, high energy and
resource consumption of AOPs are limiting the application at
large scale and the long-term operation.11 In secondary
wastewater effluent, the remaining organic compounds present
in the water matrix scavenge the generated •OH.12 As a result,
the remaining ozone and •OH dose for the TrOC abatement is
influenced:13 only a very small part of oxidants can be directly
used for TrOC removal as most of the ozone and •OH are
consumed by organic and inorganic compounds present in the
secondary effluent matrix. This results in a decreased removal
efficiency of TrOCs by AOPs.14 Therefore, a pretreatment,
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preceding the AOPs, is considered as an additional step to
avoid ozone and •OH to be consumed by the water matrix
during TrOC elimination. Eggen et al. combined sand filtration
(SF) with ozonation and found that the TrOC discharge was
reduced.15 Joss et al. stressed that combining activated carbon
(AC) and ozonation was an economical alternative for
advanced treatment of effluents compared with the application
of single AOPs.16 Consequently, a pretreatment, followed by
an AOP, is beneficial as a potential cost-effective method for
TrOC elimination. Although the use of AC or SF combined
with an AOP is investigated, the combination of different
filtration steps with different AOPs is scarcely examined. As
such, three filtrations, including SF, anion resin filtration
(ARF), and granular AC filtration (GACF), followed by an
AOP are examined in this study. Furthermore, the energy
requirements of these combinations for TrOC removal are
compared with single AOP treatments. Hereby, in particular,
ozone and •OH exposures which affect the TrOC elimination
efficiency are taken into account. Such an energy requirement
evaluation is rarely reported in the literature.
The objective of this present study was to make a systematic
comparison of combining AOPs with prefiltration in order to
optimize the ozone dose and to reduce the treatment cost
while still achieving the expected TrOC elimination. In this
study, the adsorbing efficiency of different filtrations to target
TrOCs and the effect of the effluent water matrix were
evaluated during the prefiltration step. In addition, the effect of
this pretreatment on the •OH scavenging rate and •OH and
ozone exposures was consequently investigated. Furthermore,
the efficiency and the energy requirement for TrOC
elimination between stand-alone AOP and filtration/AOP
combinations were finally determined and compared. The aim
of this study was to be able to predict the correct oxidant
dosage and to reduce energy consumption, both on a pilot
scale and on a full scale.
2. EXPERIMENTAL METHODS AND MATERIALS
2.1. Chemicals. All chemicals, with a purity of 98% or
above, were purchased from Sigma-Aldrich (Belgium). They
include 30 wt % hydrogen peroxide (H2O2), six environ-
mentally relevant TrOCs: atrazine (ATZ), alachlor (ALA),
carbamazepine (CBZ), bisphenol-A (BPA), 17α-ethinylestra-
diol (EE2), and pentachlorophenol (PCP). All six TrOC stock
solutions were prepared separately in demineralized water and
had a concentration of 10 mg/L. Table S1 provides more
detailed information on the application and physical−chemical
properties of the selected TrOCs. Gas chromatography−mass
spectrometry (GC−MS) reagent grade dichloromethane with
a purity of over 99.8% was purchased from Carl Roth (www.
carlroth.com). NaOH and sodium phosphate buffer were used
for the pH adjustment of reaction solutions.17
2.2. Water Quality. WWTP effluent was collected from a
Water Resources Recovery Facility (WRRF) that was operated
by Aquafin NV, located in Harelbeke, Belgium.12 Samples were
stored in plastic barrels in a fridge (4 °C) before further usage.
All effluent samples were used nondiluted and without
additional filtering or disinfection for the experiments. Table
S2 presents the basic water quality characteristics of the used
wastewater effluent.
2.3. Prefiltration. Three different physical−chemical
pretreatment filtration techniques were used to treat the
spiked WRRF effluent. The spiked effluent was prepared by
adding a stock solution of the six selected TrOCs to the
effluent in order to obtain a concentration of 0.2 mg/L of each
contaminant in the spiked effluent. The influence of adding
TrOCs on the dissolved organic carbon (DOC) concentration
(10.3 ± 0.2 mg C/L, Table S2) of the effluent is negligible.
The spiked solution (1 L) was fed to columns (with a
diameter of 0.027 m) by a pump for one-pass filtration with
different absorbents at a flow rate of 2 L/h. After filtration, the
solution was collected for the next step of AOP treatment. The
heights of absorbents in the columns were 5, 10, and 15 cm,
respectively. The experimental setup employed for the
prefiltration experiments is depicted in Figure 1. The different
filtration media tested included sand (ϕ = 0.4−0.8 mm), anion
resin (ϕ = 0.6−0.7 mm), and granular AC (GAC, ϕ = 0.4−1.7
mm) for, respectively, SF, ARF, and GACF. The GAC used in
this study was granular Organosorb 10, purchased from
Desotec (Belgium, www.desotec.com). The anion resin used
was Lewatit MonoPlus MP 500, purchased from Lenntech
(The Netherlands).
2.4. Ozonation and O3/H2O2. For ozonation, a known
concentration of ozone stock solution (±60 mg O3 L
−1) was
used for the experiments. The stock solution was prepared with
an Anseros ozone generator (COM-AD-02, 460 watt), as
described in detail elsewhere.18 Ozonation experiments were
performed in a 500 mL batch reactor, as shown in Figure 2, at
room temperature (T ≈ 20 °C). The ozone doses were
controlled by adding different amounts of prepared ozone
stock solution into the reactors. The ozone stock solution (CO3
≈ 60 mg O3/L) was added to the reactor, and the ozone dose
varied between 0.1 and 0.9 g O3/g DOC (or 1−9 mg O3/L).
The pH of the effluent after filtration was further adjusted and
maintained at a pH of 8 by using 1 M NaOH and a 25 mM
phosphate buffer.19 For O3/H2O2 experiments, H2O2 was
spiked into the experimental solution prior to the adjustment
of pH and the addition of ozone, obtaining a concentration of
0.5 mmol L−1 (0.5 mmol L−1 was demonstrated as an optimal
dose of H2O2 for ozonation in the previous study
20).
Samples for analysis were collected and stored at 4 °C in the
fridge before analysis (maximum 24 h). More detailed
information on sample preparation for analysis can be found
in Text S1.
2.5. O3/UV and O3/H2O2/UV. For the experiments with
O3/UV and O3/H2O2/UV, the ozone doses ranged between
Figure 1. Schematic representation of the pretreatment with the
effluent.
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0.1 and 0.9 g O3/g DOC, and 0.5 mmol L
−1 H2O2 was used.
For UV exposure, the water was fed to a circulating reaction
system (Figure 2), equipped with an UV reactor (including a
low-pressure UV lamp, 18 Watt, Oases Vitriolic, 254 nm), a 1
L batch reactor, and a peristaltic pump. The pump (Master
Flex model 7518-00) was operated at a flow rate of 800 mL/
min,21 purchased from Cole-Parmer Instrument Company. All
parts of the circulating reaction system were connected with
flexible Teflon or poly(vinyl chloride) tubing.
2.6. Analytical Methods. Nitrite (NO2
−−N), nitrate
(NO3
−−N), ammonium (NH4+−N), and chemical oxygen
demand were determined by standard methods using Hach
cuvettes with a DR2800 spectrophotometer (Hach, Bel-
gium).22 DOC values were determined based on the
relationship with UVA254 with effluent water from the same
wastewater treatment plant [DOC (mg C/L) = UVA254 (m
−1)
× 1.97−1].23 The pH of the solutions with and without
treatment was determined by a Metrohm 600 pH-meter
(Metrohm, Belgium). Ozone concentrations were obtained by
the indigo method according to the research of Bader et al.
(1981).24 UV−visible (UV−vis) absorption spectra (200 nm−
800 nm) were recorded on a Shimadzu UV-1601 spectropho-
tometer with 1 cm quartz cuvettes. Quantitative analysis of
TrOC concentrations25 and t-butyl alcohol (t-BuOH)26 was
done by an Agilent 6890 GC Series gas chromatograph
coupled to a Hewlett Packard 5973 mass selective detector.
The quantitative analysis of p-chlorobenzoic acid (pCBA),
used as the hydroxyl radical probe compound in this study, was
determined by high-performance liquid chromatography−
diode array detection (Agilent 1100 series, USA).
3. RESULTS AND DISCUSSION
3.1. •OH Scavenging Rate of the Effluent. The •OH
formed during the ozone-based AOP will be consumed by the
water matrix. According to the water quality of the effluent
(Table S2), the major •OH scavengers for ozone-based AOPs
in the effluent are DOC, nitrite (NO2
−), and carbonate
(CO3
2−). As shown in the results of Figure 3, for each filtration
technique, the removal of DOC, NO2
−, and CO3
2− in the
effluent increases as the height of the used absorbents becomes
larger. Because of a high selectivity for anions, ARF at a bed
height of 15 cm removes more than 90% NO2
− and CO3
2−
from the effluent (Figure 3b,c). For DOC, a removal efficiency
of more than 20% is achieved by applying GACF, which is
higher than the removal by SF (<10%) and ARF (<20%)
(Figure 3a). It can be concluded that the major •OH
scavengers in the effluent were obviously reduced by applying
GACF and ARF as pretreatments. Even though SF is expected
to have a smaller adsorption capacity compared to ARF and
GACF in the selected effluent, a significant removal of DOC,
NO2
−, and CO3
2− was observed during experiments (Figure
3). As a cheaper material, sand shows a surprising potential for
the reduction of ozone and/or •OH consumed by the water
matrix. As such, it should also be considered as a filtration
material for the improvement of TrOC removal by AOPs.
The different filtration techniques were all found to reduce
the concentration of DOC, NO2
−, and CO3
2−. As a result, the
Figure 2. Schematic view of the setup of ozone-based AOP batch-scale experiments with the 500 mL batch reactor (left) and the circulating
reaction system with the schematic representation of the UV reactor (right).
Figure 3. Removal of (a) DOC, (b) NO2
−, and (c) CO3
2− after 30 min with different prefiltration materials and different bed heights (pH ≈ 8, T ≈
20 °C).
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total •OH scavenging rate constant (k1) and the
•OH
scavenging without alkalinity rate constant (k2) will change.
The values for k1 and k2 of the studied effluent in this study are
determined by using the following equations
= [ ] + [ ]
+ [ ] + [ ]
+ [ ] + [ ‐ ]
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−
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−
−
k k k
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The reaction rate constant of DOC with •OH was calculated
by competitive kinetics, and a more detailed description can be
found in the literature.25 Table S3 presents the results of the
linear regression analysis of the competitive kinetics for
determining kOH,DOC.
Table 1 lists the results of the values of k1 and k2 after
different prefiltrations. After treatment by SF, ARF, and GACF
with different bed heights, k1 and k2 are obviously reduced,
which indicates that applying filtration as a pretreatment can
effectively decrease the •OH scavenging rate of the water
matrix and enhance the utilization rate of •OH on TrOC
degradation in the effluent. In particular, k1 and k2 decrease by
more than 80% when applying ARF at 10 cm and 15 cm bed
heights. Even though the removal efficiency of DOC, NO2
−,
and CO3
2− with SF is much lower than that with the other two
filtration techniques, more than 20% reduction of k1 and k2 is
achieved when more than a 10 cm bed height is used. Based on
the results of scavenging rate, it is confirmed that SF can be
used in combination with AOPs to abate TrOCs during water
treatment. In addition, the values for k1 for ARF are lower than
those for GACF at the same bed heights. However, the values
for k2 for ARF are higher than those for GACF. This can be
explained by the fact that ARF removes more NO2
− and
CO3
2− than GACF in the effluent, resulting in a lower k1.
Indeed, the major scavengers of •OH are only NO2
− and DOC
after scavenging alkalinity, and the concentration of NO2
− is as
low as around 0.2 mg/L (Table S2). Thus, as GACF shows a
much higher efficiency for DOC removal, the values for k2 will
be lowered significantly.
Table 1. Values of k1 and k2 with and without Different Prefiltration Techniques, Depending on Bed Heights (pH ≈ 8, T ≈ 20
°C)
SF ARF GACF
bed height (cm) without filtration 5 10 15 5 10 15 5 10 15
k1 (×104 s−1) 6.40 5.66 5.47 5.11 2.34 1.51 1.17 3.58 2.60 2.03
k2 (×104 s−1) 1.00 0.83 0.79 0.72 0.27 0.17 0.12 0.24 0.13 0.07
Figure 4. pCBA elimination during experiments applying O3 only (GACF 15 cm/O3, ARF 15 cm/O3, and SF 15 cm/O3) with (a) 0.1, (b) 0.3, (c)
0.5, and (d) 0.9 g O3/g DOC.
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With a lower •OH scavenging rate, lower ozone dosage or
shorter reaction time is needed to obtain a similar TrOC
removal. This is also beneficial for saving energy and cost
during TrOC removal with AOPs. Therefore, filtration is an
interesting additional step, which decreases the •OH
scavenging rate during AOPs.
3.2. Ozone Exposure. Dissolved ozone (O3,diss) in the
solution is consumed by the water matrix (e.g., DOC);
meanwhile, DOC promotes the decomposition of ozone and
the formation of •OH. By applying different prefiltration
techniques, DOC is decreased, which results in a change in the
kinetics of ozone decomposition and ozone exposure in the
solutions (see Section 3.1). As shown in Figure S1 and Table
S4, when applying ARF (e.g., 10 and 15 cm bed height) and
GACF with ozone only and O3/UV systems, the values of k′
[the first-order rate constant of O3,diss decreased and O3 CT
(dissolved ozone concentration (C) in time (T), ∫ [O3]dt]
increased. It indicated that applying ARF and GACF as
pretreatments in ozone only and O3/UV systems is efficient to
reduce the ozone consumption caused by DOC and enhances
the •OH formation and the TrOC elimination. However, the
k′ and O3 CT were not changed by using a SF process in the
AOP system. This can be attributed to the relatively poor
capability of DOC removal by SF. SF at different bed heights
only has a limited removal of DOC (less than 10%, see Figure
3a). As DOC is the major factor affecting ozone dissolutions,
the combination of SF with ozone only and O3/UV changed
the k′ and O3 CT insignificantly.
In addition, compared to the results of the k′ and O3 CT for
the O3/H2O2 and O3/H2O2/UV systems without prefiltration,
no obvious difference was observed after applying prefiltration.
As a part of •OH formation is contributed by the presented of
DOC in the effluent, filtration removes DOC and also slightly
decreases •OH formation. However, introducing H2O2 into
the treatment can avoid this •OH formation decrease. It is well
known that ozone reacts with the hydroxyl ion and
hydroperoxide ions, which are produced at a high reaction
rate (≥1.0 × 106 M s−1) during the chain reactions occurring
in the solution.27 As such, DOC has less influence on O3,diss
when H2O2 is added. Therefore, applying H2O2 in an AOP
system is beneficial for reducing the influence of DOC on
ozone consumption and •OH formation.
3.3. •OH Exposure. In this study, •OH formation was
determined by the elimination of pCBA (a probe compound of
•OH). Figures 4 and S2−S4 present the results of pCBA
removal of four different ozone-based AOPs coupled with
pretreatment. When applying prefiltration, the •OH scavenging
rate of the effluent and ozone consumption by the water matrix
are lower, indicating that less •OH is scavenged and a higher
efficiency of •OH is exposed in the effluent. As shown in
Figure 4, the pCBA degradation is obviously increased after
applying different prefiltration techniques with ozone-only
treatment. More •OH formation at the same ozone dose is
achieved, which promotes TrOC removal and reduces energy
and cost requirements.
As reported by Liu et al.,25 there is a minimum effective
concentration of ozone dose for •OH formation presented in
the AOP system. Only when the applied ozone dose is more
than this ozone concentration, •OH formation and TrOC
abatement can be observed and •OH formation during AOP
treatment could contribute to TrOC elimination. In this study,
0.1 g O3/g DOC is determined as the minimum effective
ozone concentration for ozonation alone. The •OH generated
in the solution with an ozone dose of less than 0.1 g O3/g
DOC is consumed completely during the instantaneous O3
demand phase, and no elimination of pCBA is observed
(Figure 4a). Nevertheless, when GACF and ARF are used as
pretreatments, around 10% of pCBA removal is observed at the
same ozone dose (0.1 g O3/g DOC), indicating that the
minimum effective ozone concentration is lowered by applying
ARF or GACF. It further demonstrates that the ozone dose
requirement for the same level of •OH exposure is reduced for
ARF/AOP or GACF/AOP, in comparison to AOP stand-
alone. It should be mentioned that •OH formation also slightly
increases during ozonation at the same ozone doses with SF as
a pretreatment, even though the pCBA elimination in SF/AOP
is much lower in comparison with that in ARF/AOP and
GACF/AOP. In addition, as shown in Figure 4a,b, the •OH
formation was increased by 10 and 8% when applying 0.1 g and
0.3 g O3/g DOC of ozone dose with 15 cm GACF as a
pretreatment. It is worth noting that the •OH formation was
not further increased at ozone dosages of more than 0.3 g O3/g
DOC. Probably, at these dosages, the •OH production is
sufficient for TrOC abatement even though •OH scavenging
occurs in the solution. As such, when the ozone dose is not
sufficient, applying prefiltrations, such as GACF and ARF, is
helpful to enhance the generation rate of •OH.
It is well known that there is a linear correlation between the
•OH exposure and ozone dose during ozone-based AOPs
whether H2O2 is added or not. The
•OH exposure is
determined by the formula below.28
∫ [ ] = − [ ] [ ]• •t kOH d ln( pCBA / pCBA )/0 OH (3)
The •OH exposure of ozone alone was 0.28 × 10−10, 1.69 ×
10−10, 2.4 × 10−10, and 3.22 × 10−10 M s for various ozone
doses of 1.0, 3.0, 5.0, and 7.0 mg/L, respectively (as shown in
Figure 5). When using pretreatments in the AOP system, the
values of •OH exposure were higher at the same ozone doses.
For example, the •OH exposure when using 15 cm ARF was at
a range between 0.92 × 10−10 and 4.36 × 10−10 M s for the
given ozone doses (1.0−7.0 mg/L), which is an increase of
more than 20% for each ozone dose. This is attributed by
filtration reducing the •OH consumption of the effluent. When
sufficient •OH (e.g., 0.9 g O3/g DOC) is dosed to the effluent,
the results of •OH exposures are similar during AOP only, SF/
AOP, ARF/AOP, and GACF/AOP treatment. This is due to
pCBA is completely degraded under the sufficient ozone dose
Figure 5. •OH exposure of ozone-based AOPs coupled with or
without prefiltration (15 cm bed height) when applying various ozone
doses.
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and results in •OH exposure cannot be accurated reflacted by
pCBA elimination.
3.4. TrOC Elimination. Generally, SF was not effective on
TrOC abatement (Figure 6). This may be attributed to the
hydrophilic nature of the selected TrOCs. For example, less
than 12% removal of CBZ (Kow < 3) was achieved during SF,
and even no removal of ATZ (Kow < 3) was detected.
The TrOC removal efficiency for GACF was more effective
than that for SF and ARF. In particular, GACF with 15 cm AC
dose obtained a removal of more than 40% for PCP, EE2, and
CBZ. However, for PCP abatement, ARF showed a little
higher removal than GACF when the treatment was performed
with the same bed heights. This phenomenon is likely due to
the deprotonation of the hydroxyl group of the phenol, which
enhances the ion exchange ability of the anion resin so that the
removal of PCP during ARF is promoted. Therefore, although
the three different filtration processes perform differently in
terms of TrOC removal, the results suggest that it is feasible to
apply filtration as a pretreatment step in ozone-based AOPs to
promote TrOC abatement via increased TrOC oxidation
through ozone or •OH indirectly or by adsorbing TrOCs
directly.
In comparison with the process of pretreatment, the
elimination of TrOCs was predominantly contributed by the
step of ozone-AOPs. Figures S5−S8 show the removal
contributed by filtrations and AOPs with a variety of ozone
doses to the overall elimination of all six TrOCs during
treatment in the selected wastewater effluent. For both ozone-
reactive and •OH-reactive compounds [e.g., CBZ, BPA, and
EE2 (Table S5)], the removal contributed by AOP processes
during TrOC elimination was enhanced by an additional
filtration step. The ozone dose requirement for completely
abating TrOCs with a combination of AOPs with (pre-)
filtration is relatively lower than when using a stand-alone
AOP. For example, the EE2 removal contributed by 0.1 g O3/g
DOC ozone only was 35%, and it was increased to 42% when
applying ARF as a pretreatment (Figure S5). A total removal of
EE2 was observed if GACF was combined with an ozone dose
of 0.3 g O3/g DOC. When using only ozone, 0.7 g O3/g DOC
was required to achieve EE2 removal below the detection limit
(Figure S5).
For PCP, an ozone-reactive compound,18 the removal
efficiency was also higher when prefiltration was used prior
to ozonation in comparison with the ozone-only system. The
PCP removal was 30.6% when using 1.0 mg/L ozone in the
ARF/O3 system, which was much higher than that in a single
AOP system (18.9% for 1.0 mg/L ozone in the ozone-only
system) (Figure S5). However, when H2O2 was added, the
results showed that the PCP removal for filtration/O3/H2O2
and the PCP elimination contributed by AOP in the filtration/
O3/H2O2 system were all lower than those in the filtration/O3
system (Figure S6). This is attributed to the promotion of
ozone decomposition by H2O2. Because of the more rapid
decomposition of ozone by adding H2O2, less molecular ozone
is available for PCP degradation.
As shown in Figures S5−S8, the elimination of •OH-reactive
compounds (e.g., ATZ and ALA) was not obviously changed
between ozone only and O3/H2O2 (or between O3/UV and
O3/UV/H2O2) when the solution was treated at the same
ozone dose. This is consistent with Katsoyiannis et al.,14 who
demonstrated that •OH exposure is not influenced by adding
H2O2 but is increased with the increase of ozone dose.
Whereas a higher removal of ATZ and ALA was obtained by
adding a prefiltration step in comparison with stand-alone
AOPs, the increase was not as clear as for ozone-reactive
compounds. This is due to the relatively low reaction rates
toward the ozone of ATZ and ALA, compared to other
selected TrOCs (Table S5). Their complete degradation
requires exposure of more oxidants in the effluent so that the
slight increase of ozone and •OH exposure caused by
additional filtration contributes insignificantly to the removal.
In general, the results of TrOC elimination indicate that using
filtration as a pretreatment during AOPs is beneficial to
enhance the removal efficiency of TrOCs and TrOC
elimination contributed by the process of AOP.
3.5. Energy Requirement Comparison of TrOC
Elimination during the Processes of Ozone-Based
AOPs in the Effluent. The energy and cost of different
Figure 6. Elimination of TrOCs as a function of bed height during pretreatments in the selected effluent.
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ozone-based AOPs and the influence of pretreatments (e.g.,
SF, ARF, and GACF) on these costs were calculated and
compared. To calculate the energy cost when applying ozone-
based AOPs, the electrical energy required for ozone
generation and the electricity needed for the UV lamp were
taken into account. Also, the consumption of oxygen and H2O2
was considered. The energy cost of ozone generation was
determined based on the electrical cost (0.10 € kW h−1). The
oxygen consumption and H2O2 costs were expressed as a
function of the amount used: for oxygen, the average cost was
0.10 € kg−1 O2, and for H2O2, it was 0.4 € kg
−1.25 Table 2 lists
the energy cost (€ m−3) for 90% TrOC removal in the effluent
by applying ozone-based AOPs coupled with various pretreat-
ments, employing 0.5 mmol/L H2O2 and 0−9 mg/L O3.
Generally, the energy cost to obtain a 90% TrOC
elimination was reduced after applying different filtrations. As
an example, an energy cost saving of 22.2, 16.1, 13.7, and 3%
was obtained for O3 only, O3/H2O2, O3/UV, and O3/H2O2/
UV, respectively, after using a 15 cm bed height SF as a
pretreatment. Based on the results in Table 2, SF led to only
3% cost saving for O3/H2O2/UV, which was much lower than
that for other ozone-based AOPs. It was attributed to SF’s
relatively low absorption of TrOCs and poor capability of
removing •OH scavengers in the effluent. Applying ARF and
GACF decreased, respectively, more than 30 and 25% of the
energy costs for all ozone-based AOPs. It indicates that
employing ARF results in a lower energy requirement of AOPs
than employing SF or GACF. However, the price of the anion
resin (2−5 € kg−1) is much higher than that of the sand (0.08 €
kg−1) and AC (0.44 € kg−1). Taking into account the cost of
filtration materials, GACF seems to be the best option for
reducing the energy cost of TrOC elimination.
Although the TrOC removal at the same ozone dose was
improved by the use of H2O2 and UV in AOP systems, the
energy consumption increased (see Figures S5−S8 and Table
2). For example, O3/H2O2/UV had the highest TrOC removal
of all ozone-based AOPs but had a higher energy cost at the
same ozone dose (>21 × 10−3 € m−3). When taking the energy
cost requirements, TrOC removal efficiency, and filtration
material cost into consideration, the combination of ozone
with GACF as a pretreatment seems to be a cost-effective
method which requires a low operation cost (<13.9 × 10−3 €
m−3).
4. CONCLUSIONS
The target TrOCs spiked in the WRRF effluent were abated by
using single AOPs or pretreatment/AOPs. The primary
objective of this study was to provide a systematic comparison
of single AOPs and the combination of AOPs with filtration as
pretreatments on TrOC elimination. Furthermore, the effect
on the energy requirements and the associated costs during
AOP operation were also considered and evaluated.
This study provides information of the •OH scavenging rate
and the •OH and ozone exposure for the evaluation and
prediction of the utilization rate of oxidants (e.g., ozone and
•OH). Meanwhile, the benefits of (pre-) filtration on the
TrOC removal contributed by the process of ozone-based
AOPs and on the energy requirement of AOPs were shown:
the TrOC elimination contributed by the step of prefiltration
was enhanced, and the energy and cost were reduced. In this
study, the •OH scavenging rate from the effulent and k′ of
dissolved O3, diss were decreased after adding a prefiltration.
The TrOC exposure to ozone and •OH increased at the same
ozone dose level if the effluent was pretreated.
GACF and ARF were identified as more cost-effective
pretreatments compared to SF for TrOC elimination. GACF
and ARF were found to have a better removal of •OH
scavengers in the effluent in comparison to SF. As a result, the
•OH scavenging rate for the combination of GACF or ARF
with AOPs decreased more than that for SF as a pretreatment.
As such, the k1 of the effluent was reduced from 6.4 × 10
4 to
1.17 × 104 s−1 (for 15 cm ARF) and 2.03 × 104 s−1 (for 15 cm
GACF), whereas 5.11 × 104 s−1 was obtained by applying an
SF bed height of 15 cm. It was observed that ozone and •OH
exposures were increased more for GACF and ARF than those
for SF.
The energy requirements for different single AOPs and the
combination of prefiltration steps with AOPs were calculated
and compared. Consequently, adding an additional filtrations
step reduces the required operational energy to reach the
expected TrOC removal. This translates to reduced opera-
tional (energy) costs. Applying GACF as a pretreatment results
in the lowest energy requirement. Additionally, it was noted
that ozone only as AOP requires relatively less energy than
other ozone-based AOPs. For further application, the
adsorption capacity and adsorption regeneration of the
absorbents in the AOPs/filtration systems will be tested. The
effects of prefiltration that were observed here are important
aspects for the design and operation of pilot- and full-scale
wastewater treatment plants.
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